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Abstract Present article aims to discuss the characteristics of Casson type nanoﬂuid maintained to ﬂow through porous medium over non-linear stretching surface in the perspective
of heat and mass transfer developments. A Casson type incompressible viscous nanoﬂuid
passes through the given porous medium via Darcy-Forchheimer relation. Slip boundary conditions are used for velocity, temperature and concentration of the nanoparticles. Brownian
diffusion and thermophoresis is attended. An induced magnetic ﬁeld effect is involved to accentuate the thermo-physical characteristics of the nanoﬂuid. The model incorporates boundary
layer formulations and small magnetic Reynolds for practical validity. A fourth order RungeKutta (RK) scheme is enforced to solve the system numerically. Graphs are prepared for various
progressive values of non-dimensionalized parameters whereas; variation in wall drag factor,
heat and mass transfer rates is analyzed through numerical data. Results indicate that momentum boundary layer reduces for stronger inertial impact and the resistance offered by the
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porous media to the ﬂuid ﬂow. Temperature is found as a progressive function for the Brownian
motion factor and thermophoresis. The magnitude of wall drag factor, heat transfer and mass
transfer rates shows reduction for progressive values of slip parameters.
ª 2020 Beihang University. Production and hosting by Elsevier B.V. on behalf of KeAi. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Nomenclature
RK-45
MHD
PDE
ODE
x,y
u,v
uw
c
m
B0
n

Runge-Kutta method
magnetohydrodynamic
partial differential equation
ordinary differential equation
displacement in Cartesian coordinate system (unit: m)
horizontal and vertical velocity components (unit:
m$s1)
stretching velocity relative to stretching sheet (unit:
m$s1)
stretching rate (unit: s1)
dynamic viscosity (unit: Pa$s)
applied magnetic ﬁeld intensity (unit: A$m1)
kinematic viscosity (unit: m2$s1)

1. Introduction
Fluid ﬂow, heat and mass transfer phenomenon relates
with a broad historical background. Various improvements
in typical ﬂuids such as water and oil etc. have been reported time to time to enhance their thermo-physical properties. A similar kind of formulation was reported in 1995
by Choi [1] having very enhanced thermo-physical properties of base ﬂuid by mixing nano-size metallic particles. Due
to the nano-size, these particles stay suspended in the base
ﬂuid for a very longer period in short span. Recently, the
trend of utilizing nanoﬂuids has received important reception towards industrial and engineering applications for their
higher thermo- and electro-physical properties. Later on,
Lee et al. [2] conﬁrmed the high capabilities and improved
thermo-physical properties of nanoﬂuids as compared to the
conventional base ﬂuids through experimental evidences.
It's been through an experiment tried that the potency of
typical ﬂuids enhances up to 40% once nano-size metallic
particles (diameter<100 nm) are suspended in base ﬂuids.
Nanoﬂuids are promising in various engineering applications particularly in refrigeration, small process, region
technology, heat ex-changers and auto-motives etc. wherever energy devices are concerned having tiny size. The
cancer treatment by medical care, wounds treatment, physiological state, unblocking arteries and surgeries etc. are
enthusiastic about applications of nanoﬂuids. Buongiorno
[3] applied this idea of nanoﬂuids for developing a mathematical model that may facilitate in exploring and analyzing
the thermal characteristics of ﬂuids as well as the concentration of nano-particles in base ﬂuids. Various reports are
received later on, that may be seen in references cited in this
text (see for example [4e14]).

r
k
DTh
T
C
DBr
s
Cb
M
K
Fr
l
Ec
Pr

density (unit: kg$m3)
thermal conductivity (unit: W$m1$K1)
thermophoresis
temperature (unit: K)
concentration (unit: kg$m3)
Brownian diffusion
electric conductivity of the ﬂuid (unit: (U$m)1)
drag force coefﬁcient
magnetic parameter
permeability of the porous medium
Forchheimer number
porosity factor
Eckert number
Prandtl number

Various industrial, environmental and engineering setups
like chemical action reactors, heat ex-changers, geological
setups, geothermic systems and many others involve the
convection through porous medium. The mechanical phenomenon, drag force and diffusion effects are dealt in
Darcy-Forchheimer model. The model is employed to
interpret the mechanical phenomenon in ﬂuid ﬂow and heat
ﬂux analysis. The velocity term with drag force constant is
added in momentum equation to convert the simple model
into Darcy-Forchheimer model. Many applications like
organic compound recovery method, soil physics, living
tissue transformation, waste storage particularly gas wastes
and plenty of others belong to this phenomenon. Numerous
articles have been reported in this context. For example
Muskat [15] reported a study on homogenous ﬂow of ﬂuids
via porous media. Umavathi and Hemavathi [16] discussed
the heat transport phenomenon in nanoﬂuids ﬂow through
composite porous media. Dogonchi et al. [17] reported
natural convection of magnetohydrodynamic (MHD)
nanoﬂuid ﬂow through porous medium under the inﬂuence
of Brownian motion parameter. Aleem et al. [18] disclosed
the features of Newtonian heating and chemical reaction in
nanoﬂuid ﬂow through Darcy medium. Hayat et al. [19]
disclosed the simultaneous effects of internal heat and
melting heat phenomenon on Darcy-Forehheimer nanoﬂuid
ﬂow. Alshomrani et al. [20] reported the inﬂuence of homoand heterogeneous chemical reaction and convective
boundary conditions using carbon nanotubes as the nan-size
particles in base ﬂuid. Seth and Mandal [21] investigated
Casson type ﬂuid exploitation using Darcy-Forchheimer
model. The rotation parameter touching the primary velocity is of interest. Alsabery et al. [22] discussed the impact of
non-homogeneous type nanoﬂuid ﬂow model on the

Darcy-Forchheimer relation in Casson nanoﬂuid ﬂow

naturally transient ﬂow using a non-Darcy porous enclosure
with a solid body inside. Lund et al. [5] reported a stability
analysis on Casson type nanoﬂuid ﬂow over an exponentially stretching sheet using the Darcy-Forchheimer model.
The results show that multiple solutions exist just for high
suction.
The Casson ﬂow model is categorized as a taxon of nonNewtonian nanoﬂuids having many applications particularly
in drilling operations, food processing, bio-engineering
operations etc. Discovered by Casson [23] in 1959, the
model received tremendous importance for predicting the
ﬂow behavior of various non-Newtonian ﬂuids and nanoﬂuids. Boundary layers formulation in Casson type nanoﬂuids over totally different geometrical dimensions has been
thought-about by various researchers in the past. Alwawi
et al. [24] disclosed the features of Sodium Alginate in
Casson type natural convection of nanoﬂuid using a solid
sphere. Gbadeyan et al. [25] discussed the impact of viscosity and thermal conductivity as variable on Casson type
nanoﬂuid convection using convective boundary conditions
with velocity slip. Reza-E-Rabbi et al. [26] reported an
explicit ﬁnite difference study on unsteady chemically
reactive Casson type ﬂuid ﬂow using MHD and stretching
sheet. They also involved Brownian diffusion and thermophoresis in this analysis. Hayat et al. [27] bestowed combined study on viscous dissipation and thermo-physical
phenomenon in Casson type nanoﬂuid ﬂow conﬁned in an
exceedingly stretching cylinder.
The impact of magnetic ﬁeld is extremely helpful in
several engineering and chemical applications of nanoﬂuids.
Many instruments like pumps, bearings, MHD generators,
geophysical setups, chemical reactions and plenty of others
are extremely tormented by the MHD impact and also the
magnetic-electric physical phenomenon of the ﬂuids. MHD
has various industrial, chemical and environmental applications in relevant industries wherever there's a temperature
variation. Sometimes, variation might belong to the vary
below 350 degrees clsius. Alsagri et al. [28] reported a
numerical simulation of nanoﬂuids ﬂow through a surface
having strong viscous dissipation using the ADM method.
The study reported some interesting ﬁndings in thermal
engineering. Khan et al. [29] reported an electrically conducting MHD nanoﬂuid ﬂow using porous stretching sheet
considering the thermal conductivity as variable. Sajjadi
et al. [30] has presented an investigation on the natural
convection of nanoﬂuids through porous medium using the
famous double MRT LBM method. The study involved
MHD and MWCNT type water based hybrid nanoﬂuid.
Lund et al. [31] have found the dual solutions of Hybrid
type nanoﬂuid ﬂow using stretching and shrinking surface
with MHD effect. The stability analysis is also performed in
this study. Hayat et al. [32] reported the impact of chemical
reaction on third grade type nanoﬂuid ﬂow using nonlinearly stretching sheet and convective boundary conditions with MHD effect.
The concept of slip boundary conditions on the three
main proﬁles of nanoﬂuids i.e. velocity ﬁeld, thermal and
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salute distributions, has received importance in recent developments in ﬂuid ﬂow, heat and mass transfer analyses.
The concept of slip-boundary conditions was introduced by
Navier [33] suggesting a linear relation between slip rate
and shear stress at the wall of surface. Later on, Aﬁfy et al.
[34] conferred the concept of Lie symmetry analysis for
investigation of slip effects, thermal radiation and Newtonian heating on MHD heat and mass transfer via porous
stretching sheet. Krishna and Chamkha [35] reported slip
effects on the rotating boundary layer nanoﬂuid ﬂow using
an inﬁnite embedded vertical plate in porous medium. Raﬁq
et al. [36] disclosed the Effect of ion and Hall-slip in peristaltic motion of nanoﬂuids in the perspective of biomedical engineering. Saravani and Kalteh [37] disclosed
the properties of combined electroosmotic driven ﬂow of
nanoﬂuid using a micro-channel in the context of slip
boundary conditions.
All the studies mentioned above are restricted to the
linear stretching rate of surface/sheet with typical no-slip
boundary conditions restricted on velocity solely. However,
a little emphasis has been given to the non-linearity in the
sheet stretching rates and the selection further narrows down
in case of non-Newtonian ﬂuids and nanoﬂuids dealt with
slip-boundary. In this study we have targeted the nonlinearity in sheet stretching rate and the slip-boundary
conditions on velocity, temperature and concentration proﬁles all together. Overall, the research article is organized as
per the following order. Firstly, a viscous incompressible
Casson type nanoﬂuid ﬂow via Darcy-Forchheimer model is
taken into account over non-linear stretching sheet. Secondly, the nonlinear problems are solved through numerical
scheme by using the shooting technique and fourth order
Runge-Kutta (RK) method. Thirdly, the results are plotted
graphically to analyze the variation in the three proﬁles with
physical justiﬁcation in the result and discussion section.
Finally, the results have been compared with some previous
studies to see the variation in physical quantities of interest.

2. Formulation
We consider an incompressible Casson type viscous
nanoﬂuid saturating the porous media via DarcyForchheimer scheme over a non-linear stretching sheet
having stretching velocity Uw along x-axis where n is used
for non-linearity in sheet stretching rate. Zero velocity is
noticed at free surface. A uniform magnetic ﬁeld is involved
to accentuate the thermo-physical properties of the given
ﬂuid. However, small Reynolds number is considered to
dismiss the effect of induced magnetic ﬁeld. The study incorporates boundary layers formulation. The sheet extends
non-linearly towards x-axis whereas y-axis is taken surface
normal to it. Electric conductivity of the ﬂuid is intensiﬁed
due to concentration of nanoparticles as well as through the
applied magnetic effect. The Brownian diffusion and thermophoresis attributes are attended. The rheological state
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equation for an incompressible Casson type nanoﬂuid is
expressed as (see for example [23e25]),
!
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the slip factors for velocity, thermal and concentration distributions, respectively. L0 ; M0 and N0 are constants. b is
the Casson parameter which inversely relates with yield
stress as deﬁned in Eq. (1). m is the symbol of dynamic
viscosity, n is the symbol of kinematic viscosity, rfl is the
density of base-ﬂuid, K is used for permeability factor of
porous media, s is used for electrical conductivity, FZpCﬃﬃKbﬃ is
the inertial coefﬁcient, Cb is the drag factor, k is the typical
thermal conductivity, t is the ratio of effective nanoparticles
heat capacity versus the ﬂuid heat capacity, a is the known
diffusivity (thermal), DBr is Brownian movement/diffusion,
DTh is the thermophoresis effect, c > 0 is the stretching rate
per second, CN and TN are ambient concentration of
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Figure 1

Schematic diagram.

Here, d is slip parameter for velocity ﬁeld, dT is slip
parameter for temperature distribution and dC is the slip
parameter for concentration of the nanoparticles. M is
magnetic impact, Fr is local inertia, l is porosity, Le is
Lewis factor, Pr is Prandtl factor, Nt is thermophoretic
factor and Nb is Brownian factor. Mathematically,
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4. Results and discussion

Physical quantities are:
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A choosy selection is carried out to conﬁgure the initial
guesses for given IVPs. Secant method is involved for better
approximation. For a difference level up or less than 105 ,
the solution is considered convergent, thus the repetition of
iterations is terminated thereafter. Tables 1 and 2 are given
for comparative analysis.

ð15Þ

3. Methodology
The nonlinear problems (9)e(11) subject to the given
slip conditions formulate two-point BVPs. Below
mentioned procedure is invoked for the solutions:
f Zf ;
f 0 Z l;

The system (9)e(11) is numerically solved by virtue of
shooting technique with fourth order RK scheme. Impact of
different parameters on the ﬂow proﬁles is shown in Figures
2-16. In particular, Figure 2 presents the impact of Casson
parameter b on the momentum proﬁle. One can see that
from smaller to larger, the values of b end-up in increasing
behavior of the ﬂow proﬁle. Physically, the progressive ﬂuid
viscosity for increasing values of b ends-up in improvement
of the yield stress which in turns stands responsible for the
given variation in ﬂuid momentum. Figure 3 portrays the
impact of Forchheimer parameter (local inertial force) on the
ﬂuid momentum. Physically, the stronger resistance offered
to the ﬂuid motion results in reducing behavior of the ﬂow
momentum and also the associated boundary layer reduces.
Table 1 Comparison table of numerical results for Nusselt
number setting n Z 1.
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Variation in velocity ﬁeld for various values of Casson

momentum. The velocity ﬁeld and associated boundary
layer drops down for negative inclusion of the magnetic
effect in ﬂow model. Physically, the stronger retardation and
sudden bumps created by the magnetic ﬁeld in the way of
ﬂuid motion are the reason behind this decline in ﬂuid velocity. This retardation force is known as the Lorentz force
effective normal to the ﬂuid motion. The Impact of b, the
Casson factor, on thermal proﬁle is portrayed in Figure 7.
Physically, more viscous ﬂuid is friendlier to the process of
heat conduction and heat convection. The stronger Casson
parameter is actually the indication that ﬂuid viscosity is
increased which increases the heat transport. It's detected
that the temperature distribution and corresponding thermal
boundary layers are increasing functions of Casson parameter. Relatively, opposite behavior in thermal proﬁle for
various progressive values of thermal slip parameter dC is
detected thereto of the Casson parameter. Physically, the slip
parameter is actually the origin of a resistive force near the
stretching surface. This diminishes the thermal proﬁle. The
curves for various values of thermal slip parameter are
premeditated in Figure 8. The impact of the thermophoresis
parameter (Nt) and Brownian diffusion parameter (Nb) on

Figure 3 Variation in velocity ﬁeld for various values of Forchheimer number.

Figure 4 shows that progressive values of porosity factor
add more resistance to the system. Physically, this results in
stronger frictional force resulting a decay in ﬂuid movement. Figure 5 displays the inﬂuence of nonlinear parameter
n on the velocity ﬁeld. Non-linearity in the stretching rate
reduces the ﬂuid motion and the same is in agreement with
the inﬂuence of n on skin-friction parameter witnessed in
Table 3. The results are slightly different from those found
in case of n Z 1 reported previously on linear stretching
surfaces. Figure 6 displays the impact of M on the ﬂow

Figure 4
factor.

Variation in velocity ﬁeld for various values of porosity

Figure 5
rate.

Table 3

Variation in velocity ﬁeld for various values of stretching

Numerical data of skin-friction setting n Z 1.2.
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Figure 6 Variation in velocity ﬁeld for various values of magnetic
parameter.
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Figure 9 Variation in temperature ﬁeld for various values of thermophoresis parameter.

motion parameter, physically, the progressive nature supports to heat the physical setup. This heating ends up in
transfer of nanoparticles from colder stretching sheet region
to quiescent ﬂuid region. A declination for progressive
values of Prandtl factor as shown in Figure 11 is seen for
thermal distribution and associated boundary layer. Physically, the inverse relation in kinematic viscosity and thermal
diffusivity are the reason behind this declining nature in
thermal proﬁle. Temperature shows progressive nature for
increased values of Eckert parameter as displayed in

Figure 7 Variation in temperature ﬁeld for various values of Casson
parameter.

thermal proﬁle is shown in Figures 9 & 10, respectively. The
temperature distribution and the thermal boundary layer
shows augmented behavior for increase in each of the parameters. Physically, the progressive nature of thermophoretic parameter results in an augment within the
Thermophoretic force inside the ﬂuid regime, ensuing
enhancement in temperature proﬁle and associated boundary
layer. The increment is higher for the case of Newtonian
ﬂuid as compared to non-Newtonian case. For Brownian

Figure 8
slip.

Variation in temperature ﬁeld for various values of thermal

Figure 10 Variation in temperature ﬁeld for various values of
Brownian diffusion.

Figure 11 Variation in temperature ﬁeld for various values of
Prandtl number.
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Variation in temperature ﬁeld for various values of Eckert

Figure 13 Variation in concentration ﬁeld for various values of
Casson parameter.

Figure 12. Physically, for Eckert factor, the magnitude
relation of the ratio of enthalpy and kinetic energy causes
increment within thermal energy resulting in an improvement in the thermal proﬁle and associated thermo-physical
phenomenon for the given nanoﬂuid. This conjointly
agrees with undeniable fact that the local Nusselt close to
the surface decreases for progressive values of Eckert as
shown in Table 3. The impact of Casson parameter ðb),
solute slip parameter (dC ), Lewis number (Le) and Prandtl
number (Pr) on the concentration of nanoparticles is

Figure 14
solute slip.

Variation in concentration ﬁeld for various values of

Figure 15 Variation in concentration ﬁeld for various values of
Lewis number.

depicted in Figures 13-16, respectively. The progressive
values of Casson parameter result in increasing proﬁle.
Physically, the viscosity of the ﬂuid results in slowing down
the ﬂuid motion which in turns saturates the nanoparticles
near the stretching sheet. The solute slip parameter results in
a decreasing trend in the concentration proﬁle. The concentration is higher in case of Newtonian ﬂuids. Physically,
the slip parameters are decreasing factors for the ﬂow proﬁles for intensifying the frictional and retardation force. An
opposite trend in the behavior of concentration proﬁle is
noticed for Prandtl number as compared to that of Lewis
number in Figures 15 & 16 for ﬂuctuation in thermal
diffusivity and Brownain diffusions. Numerical information
for physical quantities such as skin friction (Cf ), the heat
ﬂux (local Nusselt) (Nu) and the mass ﬂux (local Sherwood)
(Sh) is compiled in Tables 3 and 4, respectively. The ﬂuid
approaches to straightforward Newtonian ﬂuid as b/N
otherwise remains within the domain of non-Newtonian
ﬂuids. Clearly the slip parameters scale back skin friction
(Cf ), the heat ﬂux (Nu) and mass ﬂux (Sh). The slip parameters apparently induce resistance to the ﬂuid ﬂow over
non-linearly stretched surface/sheet. In distinction, an antiaugmented behavior in wall drag factor (Cf ) and mass
ﬂux (Sh) is detected for Casson parameter (b). However, for
the heat ﬂux (Nu), the parameter shows twin nature. For

Figure 16 Variation in concentration ﬁeld for various values of
Prandtl number.
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Table 4 Numerical data of Nusselt and Sherwood numbers
setting n Z 1.2.
b

Fr

l

Nb

Nt

Le

d

0.3
0.6
0.9
N
0.2

0.1

0.2

0.2

0.1

1.0

0.5

0.0
0.3
0.6
0.9
0.1

0.2

0.2

0.1

1.0

1.0

0.2

0.2

0.1

0.0
0.3
0.6
0.9
0.2

0.2

0.1

0.2

0.1

0.2

0.0
0.3
0.6
0.9
0.2

0.1

0.2

0.1

0.2

0.2

0.0
0.3
0.6
0.9
0.1

0.2

0.1

0.2

0.2

0.1

1.0

1.0

1.0

1.0

1.0

1.0

0.0
0.3
0.6
0.9
1.0

1.0

0.0
0.3
0.6
0.9

1
eðRex Þ 2 Nu

1
eðRex Þ 2 Sh

0.45866659
0.45866658
0.45866659
0.45866659
0.55624532
0.51256654
0.49865565
0.47665465
0.52598655
0.48956658
0.45246558
0.44998566
0.43256645
0.37456689
0.32455589
0.31998699
0.30568895
0.40586698
0.38495862
0.36526331
0.45652255
0.50486659
0.58124544
0.62124544
0.78556585
0.61124455
0.50998456
0.32868126

1.12562355
1.12562354
1.12562355
1.12562356
1.23022325
1.21023325
1.17154456
1.14124216
1.42454485
1.38124555
1.34568895
1.33998699
1.52345568
1.54786698
1.56412245
1.57001455
1.57889655
1.33865598
1.41112455
1.57001545
1.13195586
1.40014556
1.63251159
1.63251159
1.65145575
1.56568886
1.40885955
1.22885225
















saturation/concentration of nanoparticles is witnessed for
augmented values of porosity.
Non-linearity in the stretching rate reduces the ﬂuid
motion and the same is in agreement with the inﬂuence
of n on skin-friction parameter.
Momentum boundary layer reduces for stronger inertial
effect as well as for the resistance offered to the ﬂuid
momentum.
Temperature is a progressive function for both the
Brownian movement/diffusion and thermophoresis.
The magnitude of skin friction parameter enhances
whereas, heat and mass transfer rates show reduction for
incremental values of slip parameter.
The local Nusselt shows reduction whereas, the local
Sherwood shows enhancement for augmented Brownian
motion factor and thermophoresis effect, respectively.
The same is noticed in case of Eckert number.
The Casson parameter results in more prominent variation in skin friction (wall drag). The mass transfer is
enhanced. However, the heat transfer enhances for nonNewtonian case and diminishes for larger values of b.
The solute slip parameter results in a decreasing trend in
the concentration proﬁle. The concentration is higher in
case of Newtonian ﬂuids. The slip parameters are
decreasing factors for the ﬂow proﬁles for intensifying
the frictional and retardation force. The slip parameter
diminishes the thermal proﬁle.

Acknowledgements
non-Newtonian case (smaller values of b), the heat ﬂux (Nu)
enhances with progressive values of Casson parameter (b)
whereas, decrements are detected afterwards. Furthermore,
(Nb) and (Nt) appeared as anti-augmenting factors for heat
ﬂux (Nu).

5. Conclusions
A Casson type steady incompressible MHD nanoﬂuid
ﬂow over non-linear stretching surface/sheet with momentum, thermal and solute slip conditions has been studied
numerically via Darcy-Forchheimer relation. Shooting
technique and fourth order RK scheme is implemented to
achieve the numerical solutions and the relevant data for
drag force, heat-mass ﬂux. The impact imparted by various
ﬂuid parameters such as porosity factor, slip parameters,
Casson parameter, Brownian diffusion/movement & thermophoresis parameter and Eckert number on ﬂow proﬁles is
discussed in detail. Finally, the results are plotted graphically. On the basis of information achieved through numerical simulation, the skin friction, heat-mass ﬂux rates
(Nu, Sh) are analyzed. Salient points are noted as follows:
 The porosity factor is found to be a decreasing factor for
ﬂow momentum and associated boundary layer. However, an increasing trend in thermal distribution and

The authors are thankful to the reviewers for their valueable suggestions and corrections in the article. This helped
us in improving the ﬁnal manuscript.

References
[1] S.U.S. Choi, Enhancing thermal conductivity of ﬂuids with nanoparticles, In: Proceedings of the 1995 ASME International Mechanical
Engineering Congress and Exposition, San Francisco, Calif, USA, 66
(1995) 99e105.
[2] S. Lee, S.U.S. Choi, S. Li, J.A. Eastman, Measuring thermal conductivity of ﬂuids containing oxide nanoparticles, J. Heat Tran. 121
(2) (1999) 280e289.
[3] J. Buongiorno, Convective transport in nanoﬂuids, ASME J. Heat
Trans. 128 (2006) 240e250.
[4] L.A. Lund, Z. Omar, I. Khan, S. Dero, Multiple solutions of
CuC6H9NaO7 and AgC6H9NaO7 nanoﬂuids ﬂow over nonlinear
shrinking surface, J. Cent. S. Univ. 26 (5) (2019) 1283e1293.
[5] L.A. Lund, Z. Omar, I. Khan, J. Raza, M. Bakouri, I. Tlili, Stability
analysis of Darcy-Forchheimer ﬂow of Casson type nanoﬂuid over an
exponential sheet: investigation of critical points, Symmetry 11 (3)
(2019) 412.
[6] G. Rasool, T. Zhang, Darcy-Forchheimer nanoﬂuidic ﬂow manifested
with Cattaneo-Christov theory of heat and mass ﬂux over non-linearly
stretching surface, PloS One 14 (8) (2019) e0221302.
[7] A. Wakif, Z. Boulahia, F. Ali, M.R. Eid, R. Sehaqui, Numerical
analysis of the unsteady natural convection MHD Couette nanoﬂuid
ﬂow in the presence of thermal radiation using single and two-phase
nanoﬂuid models for Cu-water nanoﬂuids, Int. J. Appl. Comput.
Math 4 (3) (2018) 81.

168
[8] I. Tlili, W.A. Khan, K. Ramadan, MHD ﬂow of nanoﬂuid ﬂow across
horizontal circular cylinder: steady forced convection, Journal of
Nanoﬂuids 8 (1) (2019) 179e186.
[9] G. Rasool, T. Zhang, A.J. Chamkha, A. Shaﬁq, I. Tlili, G. Shahzadi,
Entropy generation and consequences of binary chemical reaction on
MHD Darcy Forchheimer Williamson nanoﬂuid ﬂow over nonlinearly stretching surface, Entropy 22 (1) (2020) 18.
[10] I. Tlili, W.A. Khan, K. Ramadan, Entropy generation due to MHD
stagnation point ﬂow of a nanoﬂuid on a stretching surface in the
presence of radiation, Journal of Nanoﬂuids 7 (5) (2018) 879e890.
[11] G. Rasool, T. Zhang, A. Shaﬁq, Second grade nanoﬂuidic ﬂow past a
convectively heated vertical Riga plate, Phys. Scripta 94 (12) (2019)
125212.
[12] A. Wakif, Z. Boulahia, R. Sehaqui, Numerical study of the onset of
convection in a Newtonian nanoﬂuid layer with spatially uniform and nonuniform internal heating, Journal of Nanoﬂuids 6 (1) (2017) 136e148.
[13] A. Wakif, Z. Boulahia, R. Sehaqui, Numerical analysis of the onset of
longitudinal convective rolls in a porous medium saturated by an
electrically conducting nanoﬂuid in the presence of an external
magnetic ﬁeld, Results in Physics 7 (2017) 2134e2152.
[14] G. Rasool, A. Shaﬁq, C.M. Khalique, T. Zhang, Magneto-hydrodynamic Darcy-Forchheimer nanoﬂuid ﬂow over nonlinear stretching
sheet, Phys. Scripta 94 (10) (2019) 105221.
[15] M. Muskat, The ﬂow of homogeneous ﬂuids through porous media,
in: Ann Arbor, Mich, J.W. Edwards (Eds.), 1946, 532.5-M88.
[16] J.C. Umavathi, K. Hemavathi, Flow and heat transfer of composite
porous medium saturated with nanoﬂuid, Propuls. Power Res. 8 (2)
(2019) 173e181.
[17] A.S. Dogonchi, S.M. Seyyedi, M. Hashemi-Tilehnoee, A.J. Chamkha,
D.D. Ganji, Investigation of natural convection of magnetic nanoﬂuid
in an enclosure with a porous medium considering Brownian motion,
Case Stud. Therm. Engg. (2019) 100502.
[18] M. Aleem, M.I. Asjad, A. Shaheen, I. Khan, MHD inﬂuence on
different water based nanoﬂuids (TiO2, Al2O3, CuO) in porous medium with chemical reaction and Newtonian heating, Chaos, Solitons
Fractals (2020) 109437.
[19] T. Hayat, R.S. Saif, R. Ellahi, T. Muhammad, A. Alsaedi, Simultaneous effects of melting heat and internal heat generation in stagnation
point ow of Jeffrey ﬂuid towards a nonlinear stretching surface with
variable thickness, Int. J. Therm. Sci. 132 (2018) 344e354.
[20] A.S. Alshomrani, M.Z. Ullah, Effects of homogeneous-heterogeneous
reactions and convective condition in Darcy-Forchheimer ﬂow of
carbon nanotubes, J. Heat Tran. 141 (2019) 012405.
[21] G.S. Seth, P.K. Mandal, Hydromagnetic rotating ﬂow of Casson ﬂuid
in Darcy-Forchheimer porous medium, MATEC Web of Conferences,
EDP Sciences: Les Ulis, France, 192 (2018) 02059.
[22] A.I. Alsabery, M.A. Ismael, A.J. Chamkha, I. Hashim, Effect of nonhomogeneous nanoﬂuid model on transient natural convection in a
non-Darcy porous cavity containing an inner solid body, Int. Commun. Heat Mass Tran. (2020) 104442.
[23] N. Casson, in: Reheology of Dispersed System, Peragamon Press,
Oxford, UK, 1959.
[24] F.A. Alwawi, H.T. Alkasasbeh, A.M. Rashad, R. Idris, MHD natural
convection of sodium alginate casson nanoﬂuid over a solid sphere,
Results in Physics (2020) 102818.
[25] J.A. Gbadeyan, E.O. Titiloye, A.T. Adeosun, Effect of variable thermal conductivity and viscosity on Casson nanoﬂuid ﬂow with
convective heating and velocity slip, Heliyon 6 (2020) e03076.

Ghulam Rasool et al.
[26] S. Reza-E-Rabbi, S.M. Arifuzzaman, T. Sarkar, M.S. Khan,
S.F. Ahmmed, Explicit ﬁnite difference analysis of an unsteady MHD
ﬂow of a chemically reacting Casson ﬂuid past a stretching sheet with
Brownian motion and thermophoresis effects, J. King Saud Univ. Sci.
32 (1) (2020) 690e701.
[27] T. Hayat, S. Asad, A. Alsaedi, Flow of Casson ﬂuid with nanoparticles, Appl. Math. Mech. 37 (2016) 459e470.
[28] A.S. Alsagri, A. Hassanpour, A.A. Alrobaian, Simulation of MHD
nanoﬂuid ow in existence of viscous dissipation by means of ADM,
Case Stud. Therm. Engg. (2019) 100494.
[29] S.U. Khan, S.A. Shehzad, Electrical MHD Carreau nanoﬂuid over
porous oscillatory stretching surface with variable thermal conductivity: applications of thermal extrusion system, Phys. Stat. Mech.
Appl. (2020) 124132.
[30] H. Sajjadi, A.A. Delouei, M. Izadi, R. Mohebbi, Investigation of
MHD natural convection in a porous media by double MRT lattice
Boltzmann method utilizing MWCNT Fe3O4/water hybrid nanoﬂuid,
Int. J. Heat Mass Tran. 132 (2019) 1087e1104.
[31] L.A. Lund, O. Zurni, I. Khan, El-Sayed M. Sherif, Dual solutions and
stability analysis of a hybrid nanoﬂuid over a stretching/shrinking
sheet executing MHD ﬂow, Symmetry (2020), https:
//doi.org/10.3390/sym12020276.
[32] T. Hayat, R. Riaz, A. Aziz, A. Alsaedi, Inﬂuence of Arrhenius activation energy in MHD ﬂow of third grade nanoﬂuid over a nonlinear
stretching surface with convective heat and mass conditions, Phys.
Stat. Mech. Appl. (2020) 124006.
[33] C.L.M.H. Navier, Mémoire sur les lois du Mouvement des Fluides,
Mémoires de l’Académie Royale des Sciences de l’Institut de France 6
(1823) 389e440.
[34] A.A. Aﬁfy, M.J. Uddin, M. Ferdows, Scaling group transformation for
MHD boundary layer ow over permeable stretching sheet in presence
of slip ow with Newtonian heating effects, Appl. Math. Mech. 35
(2014) 1375e1386.
[35] M.V. Krishna, A.J. Chamkha, Hall and ion slip effects on MHD
rotating boundary layer ﬂow of nanoﬂuid past an in ﬁnite vertical plate
embedded in a porous medium, Results in Physics (2019) 102652.
[36] M. Raﬁq, H. Yasmin, T. Hayat, F. Alsaadi, Effect of Hall and ion-slip
on the peristaltic transport of nanoﬂuid: a biomedical application,
Chin. J. Phys. 60 (2019) 208e227.
[37] M.S. Saravani, M. Kalteh, Heat transfer investigation of combined
electroosmotic/pressure driven nanoﬂuid ﬂow in a microchannel: effect of heterogeneous surface potential and slip boundary condition,
Eur. J. Mech. B Fluid 80 (2020) 13e25.
[38] W.A. Khan, I. Pop, Boundary-layer ﬂow of a nanoﬂuid past a
stretching sheet, Int. J. Heat Mass Tran. 53 (2010) 2477e2483.
[39] A. Alsaedi, M. Awais, T. Hayat, Effects of heat generation/absorption
on stagnation point ow of nanoﬂuid over a surface with convective
boundary conditions, Comm. Non-linear Sc. Numerical Sim. 17
(2012) 4210e4223.
[40] A.A. Aﬁfy, The inﬂuence of slip boundary condition on Casson
nanoﬂuid ﬂow over a stretching sheet in the presence of viscous
dissipation and chemical reaction, Hindawi Math. Prob. Eng. (2017)
3804751.
[41] A. Noghrehabadi, R. Pourrajab, M. Ghalambaz, Effect of partial slip
boundary condition on the ﬂow and heat transfer of nanoﬂuids past
stretching sheet prescribed constant wall temperature, Int. J. Therm.
Sci. 54 (2012) 253e261.

